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INTRODUCTION 51
Worldwide, the Holstein is the predominant dairy cattle breed, due to its superior milk yield 52 capabilities, with high performance cows averaging 10000-20000 litres per cow per year. 53
However, the fertility of these high performance Holstein dairy cattle has declined as milk yields 54 have increased [1, 2] and subfertility is one of the key priorities of dairy industries worldwide [3-55 7] . Specifically, in the Australian dairy industry, the number of cows not pregnant (dry or in calf) 56 by the completion of the mating season has more than doubled from 9% in 2000 to 20% in 57
2009 [8] . 58
59
The Australian dairy industry is largely pasture based [9] , where seasonal grass growth is 60 matched with periods of the peak lactation period from 0-70 days post-partum. Hence, for 61 producers to time calving to coincide with peak pasture production, a seasonal 12-month 62 calving interval is required, where cows need to successfully conceive by 60-80 days post-63 partum. The peak lactation period corresponds with loss of body condition and negative energy 64 balance (NEB), as 80% of glucose is partitioned for lactation [10, 11] , compromising function of 65 other organs such as the reproductive system [6, 12] . In addition, adipose tissue fat stores are 66 mobilised, increasing circulating levels of specific fats such as non-esterified fatty acids 67 (NEFAs), with the severity of NEB positively correlated to NEFA levels [12] . As the final stages 68 of oocyte growth and development occurs 90 days prior to ovulation in the cow [13] , oocyte 69 developmental competence (the ability for the oocyte to successfully undergo fertilisation and 70 early embryo development) may be compromised, leading to early pregnancy loss; also known 71 as "phantom cow" syndrome, where cows have not returned to oestrus by the second service 72 but are not pregnant with a viable fetus [14] . The detrimental impact of lactation on fertility is 73 best demonstrated by higher rates of early pregnancy loss in cows compared to heifers, with 74 70-90% embryo survival rates seen in non-lactating heifers vs. 45-63% in cows on Day 7-8 75 post-insemination [6, [15] [16] [17] . 76
77
Within antral and pre-ovulatory ovarian follicles, the cumulus oocyte complex (COC) is 78 surrounded by follicular fluid (FF) that contains proteins, cytokines, growth factors, steroids and 79 metabolites and has similar composition to filtered venous plasma [18] . FF supplies the COC 80 with necessary signals and metabolites for nourishment, which is critical for developmental 81 competence; hence FF composition is innately related to the health of the COC [18, 19] . 82
83
The follicular environment also reflects the maternal metabolic condition. For example, 84 increasing lipid content is seen in the FF from women with increasing body mass index [20] . 85
Furthermore, the ability of mouse COCs to complete maturation was impaired following culture 86 in 50% human FF with high lipid content, compared to COCs cultured in the presence of FF 87 with low lipid content [21] . Given that lipids, in particular NEFA levels, are elevated in FF of high 88 performance dairy cattle during peak lactation [22] , the developmental competence of abattoir 89 derived cattle COCs cultured in in vivo collected FF and plasma from lactating Australian 90
Holstein cows may be a bioassay for fertility. The aim of this study was to determine if animal 91 parameters, such as milk yield, milk composition, body condition scores and days post-partum 92 correlated with FF and plasma composition from cows at various times post-partum and then 93 relate that to the developmental competence of abattoir-derived COCs cultured in 50% FF (FF-94
IVM) or plasma (plasma-IVM). 95 96

MATERIAL AND METHODS
added to the IVF wells at a final concentration of 1 x 10 6 sperm/ml. COCs were co-incubated 151 with sperm for 23h at 38.5°C in 6% CO2 in humidified air. 152
153
Presumptive zygotes were mechanically denuded of their cumulus vestment by repeated 154 pipetting in VitroWash + 4 mg/ml FAF BSA, washed once in VitroCleave (IVF Vet Solutions) + 4 155 mg/ml FAF BSA and groups of 5 embryos were transferred into 20 μl of pre-equilibrated 156 VitroCleave + 4 mg/ml FAF BSA and cultured at 38.5°C in 6% CO2, 7% O2 in nitrogen balance. 157
On D5, embryos were washed once in VitroBlast (IVF Vet Solutions) + 4 mg/ml FAF BSA and 158 groups of 5 embryos were transferred into 20 μl of pre-equilibrated VitroBlast + 4 mg/ml FAF 159 BSA and cultured at 38.5°C in 6% CO2, 7% O2 in nitrogen balance. On-time embryo 160 development (blastocyst stage) was assessed on D8. 
166
Statistical differences between animals and herds were determined using a general linear 167 model and Bonferroni post-hoc test. Cleavage and blastocyst rates were arcsine transformed 168 prior to statistical analyses. Relationships between animal parameters, embryo development 169 following FF-IVM and plasma-IVM, FF and plasma composition were determined using 170 regression analyses and a negative value for the slope indicated a negative relationship 171 between measurements. All statistic tests were performed using SPSS version 20 statistical 172 software and P-values less than 0.05 were considered statistically significant and P-values less
RESULTS
176
Plasma and FF samples were collected from eight cows representing three different herds. The 177 average days post-partum was 73.3 ± 11.8 days, and ranged from 52 days to 151 days ( Table  178 1). There were no differences in milk fat and protein and body condition score (BCS) between 179 the three herds. Milk yield trended to be lower in Herd 2 compared to the other herds ( and plasma samples. There were no significant differences between FF and plasma 185 concentrations of lactate and NEFAs (Figure 1) . However, glucose was trending to be 1.2-fold 186 (P = 0.07) higher and and triglyceride levels were 2.6-fold higher (P < 0.001) in plasma 187 compared to FF (Figure 1) . 188
189
Analyses of the differences in FF and plasma composition between herds demonstrated that 190 the concentration of NEFAs in FF from Herd 3 was significantly higher than Herds 1 and 2 191 (Table 2; P < 0.001). There was also a trend for differences in glucose concentrations in FF 192 between Herds 2 and 3 (3.56 ± 0.07 mM vs. 2.55 ± 0.31 mM; P = 0.083). There were no 193 significant differences between any of the other measured parameters between herds. 194
195
The relationships between FF and plasma composition and animal parameters were 196 determined ( Table 3) . Follicular glucose levels were negatively correlated with lactate levels in 197
Lactate levels in FF were positively correlated to days post-partum (r 2 = 0.921, P < 0.001). 200
However, there was no relationship between plasma and FF glucose and lactate levels. These were restricted to weak trends between follicular triglyceride or NEFA levels and total 244 blastocyst development (Table 4 ; r 2 = 0.096, P = 0.095 and r 2 = 0.11, P =0.077) and NEFA 245 levels and expanded blastocyst development (r 2 = 0.11, P = 0.071). As with the FF-IVM 246 cultures, the levels of glucose, lactate, triglycerides and NEFAs in plasma did not relate to 247 embryo development outcomes following IVM in 50% plasma. hence alterations in specific NEFAs is likely to contribute to compromised fertility, rather than 271 total NEFA concentrations. 272 273 A summary of our findings is detailed in Table 5 . There were correlations between glucose and 274 lactate concentrations in FF and days post-partum. Glucose concentrations were negativelycorrelated with both lactate levels and days post-partum, while there was a significantly positive 276 correlation between lactate and days post-partum. Interestingly, increased days post-partum 277 was associated with declining embryo development outcomes such as cleavage, expanded 278 blastocyst and hatched blastocyst rates of COCs matured in FF-IVM. Glucose is one of the 279 major energy sources of the COC, with a large proportion metabolised via glycolysis [28] . As 280 the major end point of glycolysis is lactate, the results from the current study suggest that with 281 increasing days post-partum, more glucose is converted to lactate. However, serial collections 282 from the same animal would be needed to confirm this and rule out daily fluctuations in lactate 283 levels. Regardless of the source, increasing lactate production could have a detrimental effect 284 on oocyte developmental competence, as is the case for in vitro embryo cultures [29] . 285
286
While there were no relationships between plasma and FF glucose and lactate concentrations 287 (indeed plasma glucose levels trended to be higher than FF levels; P = 0.072), there was a 288 highly significant relationship between glucose plasma levels and blastocyst development rates 
311
While the current study suggests a role for an imbalance in plasma carbohydrate levels in 312 influencing oocyte developmental competence, a larger study including more animals from 313 different herds and a broader range of days post-partum is required. Furthermore, oocyte 314 developmental competence is positively related to follicular progesterone and negatively 315 related to oestradiol levels when samples were collected from hyperstimulated, non-lactating 316
Holstein-Fresian cows [33] , so steroid levels should also be examined. In addition, amino acid 317 turnover by cattle COCs is related to on-time embryo development [34], suggesting FF amino 318 acid concentration should also be examined in a larger study. 319 320
Conclusion 321
Sub-fertility of high performance Holstein cows during later stages of peak lactation is 322 associated with plasma carbohydrate levels, rather than alterations in the levels of fats such 323 and triglycerides and total NEFAs. This is supported by the fact that changes in post-partum 324 energy balance are related to dominant follicle function and IGF-I levels [35] . The Australiandairy industry relies on a pasture-based management system, and differs in comparison to 326
North American and European management systems, which employ more intensive feeding 327 practices and supplements. This alone may impact the composition of the follicular 328 environment, leading to potentially different metabolic mechanisms leading to poor oocyte 329 competence during peak lactation. 330
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